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Optical properties of coevaporated Agsio„cermet films
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Measurements have been made of the optical properties of coevaporated AgSiO„cermet films.
Films varying in metal fraction from O%%uo to 100% were prepared in a residual oxygen atmosphere,
and at slow evaporation rates, to give oxygen-rich films. Measurements of reflectance and transmit-
tance were inverted to give the complex dielectric constant by an iterative method using a Kramers-
Kronig integral of the transmittance. The results are compared with the Maxwell-Garnett and
Sheng effective-medium theories for spherical particles. A previously unreported peak in the imagi-
nary part of the dielectric constant was observed for high-volume-fraction cermets. A number of
films were examined with a transmission electron microscope.

I. INTRODUCTION
I

Recently there has been interest in the optical properties
of cermets with the intention of creating materials with
desirable absorptance and emittance for solar-energy col-
lection applications. ' The optica1 measurements made
on a cermet are frequently analyzed by determining an ef-
fective dielectric constant (e=e&+i@2) for the medium.
The aim of most researchers in this field has been to find
an effective-medium theory (EMT) that predicts the effec-
tive dielectric constant of a cermet from the dielectric
constants and volume-fractions of the components. A
number of EMT's have been proposed and it has been
found that the best theory for a particular cermet depends
on the cermet microstructure. There are two primary
classes of microstructure, the first is the isolated grain
structure where grains of one component are entirely sur-
rounded by the other component, and the second is the ag-
gregate structure where both components are randomly
distributed. The Maxwell-Garnett theory is applicable to
the isolated grain structure and the Bruggeman theory to
the aggregate structure.

The optical properties of noble-metal cermets have been
studied for some time and the comparisons with
theory have been made with respect to the transmittance
or absorptance. However more insight into the relation-
ships between microstructure and optical properties can
be obtained by calculating the effective dielectric constant
for the cermets as has been done for AuA1203, ' ' "
AuMgF ' o and AuMgQ

In order to most clearly compare real composite media
with the predictions of EMT's, components with simple
optical properties were selected. The components chosen
were Ag and SiO„with the optical measurements being
made in the visible region of the spectrum. Silver was
chosen for its relative inertness and its similarity in this
region to an ideal free-electron metal. The insulator was
required to be transparent over as wide a wavelength
range as possible and SiO„, after uv exposure (see below),
fulfilled this need. The optical measurements made on
each cermet were carefully analyzed to give an effective
dielectric constant for the composite. The microstructure

was found to be most like the isolated grain structure, and
the results will be compared with a simplified variant of
the Sheng EMT (Refs. 14—16, and 11) which is closely re-
lated to the Maxwell-Garnett (MG) theory. It was found
that for low-volume-fraction cermets the simplified Sheng
theory gave a good representation of the major features of
the measured effective dielectric constants.

In the next section the preparation and characterization
of the cermets is discussed, and in Sec. III the method
used to give the effective dielectric constant from the opti-
cal measurements is described. Section IV gives a.brief
presentation of the EMT's used in Sec. V which covers
the comparison of the experimental data with theory. The
origin of a previously unreported peak in the imaginary
part of the dielectric constant for high metal-volume-
fraction cermets is also discussed in Sec. V.

II. EXPERIMENTAL

The cermets were prepared by coevaporation onto fused
silica substrates in a stainless-steel vacuum chamber eva-
cuated by a 150 mm diffusion pump with a liquid-
nitrogen cold trap. The room-temperature substrate was
mounted on the lid of the chamber and on either side are
two water-cooled quartz-crystal microbalances. Below the
substrate are the resistively heated evaporation boats and
between them is a shield so that each microbalance crystal
can "see" only one boat. At the base of the chamber there
is a leak valve which can be used to regulate the pressure
in the evaporation system.

The cermets were evaporated with the pressure in the
chamber at 5 & 10 Torr because it is known that the SiO
will getter oxygen as it is deposited, resulting in an oxygen
rich SiO„ film. It has been found' that this procedure
followed by exposure of the film to strong uv light causes
the absorption edge of the SiO to move further into the
uv. In the case of the SiO„deposited for this work the
edge moved to above 5.S eV and there was virtually no ab-
sorption in the experimentally measured region. The cer-
mets were exposed to a 100 W mercury vapor lamp for
8 h this exposure time was chosen after observing the
resistance of some of the cermets during the treatment.
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The resistance approached a limiting value exponentially
with a time constant of 1 to 3 h, and by the end of an S-h
exposure the resistance had stabilized. The samples were
at a distance of 8 cm from the uv source.

The cermets were prepared with the aid of a
microcomputer-based deposition-rate monitor described
elsewhere. ' The rate is determined by measuring the
period of the microbalance crystals which have one face
exposed to the evaporant vapor stream. The period of the
oscillation varies with the mass deposited on the crystal,
and by determining the average period over equally spaced
time intervals the microcomputer calculates the rate from
the difference between successive intervals. The total
mass deposited during an evaporation can also be deter-
mined by the microcomputer. The microcomputer acts as
a feedback system which holds the deposition rate con-
stant by controlling the power delivered to the evapora-
tion boats. The uniformity of the evaporation rate de-
pends on the rate required, the worst case variation being
+10% and of a short duration. It is unlikely that the
composition of the cermets varied significantly over their
thickness.

The period change of the microbalances was calibrated
against film thickness by depositing pure films of each
cermet component, and measuring their thickness by an
independent method. Once this was done the microbal-
ance measurements for a cermet deposition could be used
to estimate the metal-volume-fraction. While this method
gives accurate mass fractions, unfortunately it does not
necessarily give a true volume-fraction as it is likely that
there are voids present in the cermet. Some measure-
ments of the cermet resistivity were made and the metal-
insulator transition occurred at approximately 47% silver.
Considering all sources of error the relative uncertainty in
the cermet volume-fractions determined in this way is
about +6%.

A number of cermets were deposited onto thin carbon
or colloidion films mounted on copper electron-
microscope grids, and examined with a Phillips EM420
transmission electron microscope (TEM). These cermets
were deposited at the same pressure as the cermets for op-
tical measurements. The silver was found to be in the
form of rounded islands varying in size from the resolu-
tion limit of the microscope up to a few hundred nanome-
ters in diameter. The most important observation made
was that the cern. ets had an islandlike structure for all
volume-fractions. As the metal fraction was increased the
insulator was found as a coating on the metal islands, and
beyond the percolation threshold it must be contained in
irregularly shaped regions between the islands, but not
preventing metal-metal contact.

Photographs were taken of the electron diffraction pat-
tern of the silver islands and the average silver crystallite
size was estimated from the breadth of the diffraction
rings. ' The average island sizes did not vary greatly with
volume-fraction, being less than 5 nm up to 75% silver.
This indicates that although the films had some large is-
lands they represented a small fraction of the total silver,
and/or were comprised of small crystallites. The latter is
probable since thin twins were visible in some of the
larger islands.

Reflectance (R) and transmittance (T) of the samples
were measured by the differential technique suggested by
Beaglehole, using a system constructed at Victoria
University by Staines. ' The wavelength range covered
was 220 to 800 nm. For the measurement of R a freshly
deposited ( &2 h old) aluminum film was used as a refer-
ence. The uncertainty in T was approximately +0.01, but
for R the uncertainty may be slightly larger due to the use
of literature values for the reflectance of the aluminum
reference.

III. EVALUATION OF e FROM R AND T

In order to make the most fundamental comparison of
theoretical predictions with experimental data the com-
plex dielectric constant was calculated from the optical
measurements, It is assumed that the films may be
described by a homogeneous effective dielectric constant,
but it should be appreciated that this may not be valid for
very thin films, or for films with inhomogeneities of the
scale of the wavelength. The most common method of
determining e is to minimize the difference between the
experimental R and T and that calculated using the
Fresnel equations, by an iterative technique starting
from an approximate value for e. This method has
been used by many researchers but was found to be unsa-
tisfactory for the cermets described here, due to the ex-
istence of multiple solutions, or no solutions at all, in
some wavelength regions. For this reason a method simi-
lar to that described by Bringans was used.

Following the method proposed by Nilsson the dielec-
tric constant was determined using the Kramers-Kronig
integral relating the absolute value and phase shift of the
complex transmittance. It was assumed that the transmit-
tance was constant above and below the experimental
range, and the contribution to the phase shift from these
regions was determined by specifying the total phase shift
at two wavelengths within the experimental range. These
phase shifts were obtained from initial estimates of the
dielectric constant found by the R and T iterative tech-
nique. Once the phase shift was known the dielectric con-
stant could be calculated, and in turn the reflectance of a
film with this dielectric constant and thickness. The best
estimate of the dielectric constant for the cermet was
found by minimizing the difference between the calculat-
ed and experimental reflectances, with the specified phase
shifts and film thickness as variables.

The major source of error in this process is due to the
assumption that the transmittance of the cermets is con-
stant outside the experimental region. Near the limits of
the experimental wavelength range the real part of the
dielectric constant was very sensitive to the specified
phase shift. To demonstrate the consequences of chang-
ing the specified phase shift values Fig. 1 gives the dielec-
tric constant for a 25% cermet. The figure shows the
best-fit dielectric constant determined as described above,
and also the dielectric constant when one of the specified
phase shifts has been changed by +10'. This was suffi-
cient to give a sum of squares for the difference between
the calculated and experimental R that was at least four
times the optimum value. Although these solutions are
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where e and e; are the dielectric constants of the metal
and insulator, respectively, and f is the metal-volurne-
fraction. The first equation is for metal islands embedded
in an insulator host and the second is for the reverse to-
pology. In the case of cermets where their behavior
changes smoothly with volume-fraction from insulating to
metallic we might expect Eq. (1) to be applicable at low-
volume-fractions and (2) at high-volume-fractions. How-
ever they do not describe a continuous solution for the ef-
fective dielectric constant, as for no filling fraction (other
than f= 1 or f=0) do they give the same result.

Recently an EMT has been proposed by Sheng'
that combines features of both MCT equations and gives a
dielectric constant that varies continuously from insulat-
ing to metallic, and predicts a percolation threshold. The
Sheng (S) theory was originally derived for spheroids but
the simpler form for spheres" will be used here; the equa-
tion is

FIG. 1. Effect of changing one of the specified phase shifts
by +10. The solid curve gives the best fit to the experimental
reflectance.

3P 3(1 P)—+ =1,
2+-' 2+ ' (3)

well removed from the best fit the ez curves are only
changed in magnitude and not shape. The same is true
for e1 except at low energies where changes in shape
occur.

For films containing more than 75% silver the assump-
tion that the transmittance is constant at low energies is
particularly poor. For these films it was assumed that the
transmittance varied as (fun), which is typical of a free-
electron metal, in order to calculate the contribution to
the phase shift from the low-energy region,

The important points concerning uncertainties in the
dielectric constants are:

(1) The position of features in e1 and e2 is determined
accurately.

(2) The shape of features will be correct provided they
are not near the extremities of the curves.

(3) The shape of the e1 curve at low energies may be in-
correct.

(4) There are uncertainties in the magnitudes of the
curves with e2 being known most accurately.

IV. EFFECTIVE-MEDIUM THEORIES

It is generally agreed that the Maxwell-Garnett theory
is the most appropriate EMT for cermets with the isolated
grain structure typical of AgSiO„cermets. This is espe-
cially true for low-volume-fraction AgSiQ cermets in the
visible region, where the optical properties are dominated
by a resonance in the dielectric constant often called the
dielectric anomaly, which is not predicted by the Brugge-
man theory.

In practice there are two MG equations, they are:

where e, is given by. Eq. (1) and e& by Eq. (2). The factor
P is determined by the volume-fraction and is given by

( 1 f1/3)3
(4)

(1 f1/3)3+t' 1 ( 1 f)1/3j3

When f is less than 0.2, P=l, and the simplified S equa-
tion gives almost identical results to the first MCr equa-
tion; similarly when f is greater than 0.8 the dielectric
constant is almost identical to that given by the second
MG equation.

V. COMPARISON OF DATA WITH THEORY

Figures 2 and 3 give the real and imaginary parts (e1
and e2, respectively) of the dielectric constant for a selec-
tion of films. For the pure SiO„ film e1 is almost con-
stant for all energies and e2 is so small that it is not dis-
cernible on the figure. For the 8% cermet e& is very simi-
lar but the presence of the silver has increased e2, and a
very broad peak centered near 3.3 eV is just visible. This
peak is due to the dielectric anomaly and it is well defined
in the 16% and 34% cermets; the shift of the dielectric
anomaly to lower energies as the volume-fraction is in-
creased is evident. Structure due to the anomaly is also
visible in e& for these two cermets. It should be recalled
from Sec. III that the e~ values are least reliable at the
ends of the curves, so the curves have been truncated to
include only that data which are believed to be close to the
real value. This restriction is only severe for very low-
volume-fractions, and for most cermets the data is good
from 2 to 5 eV. The curves for e2 are better behaved as
they are more closely related to a directly measured quan-
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electron metal film. The imaginary part of the dielectric
constant shows a corresponding increase. There is a
shoulder on the low-energy ez of the 73% cermet that
suggests an underlying peak, and also a slight peak in e2
of the pure silver film near 3.5 eV; the interpretation of
these peaks will be discussed later in this section. At ener-
gies above 4 eV there is an increase in e2 due to interband
absorption in the silver. This is of course most pro-
nounced for the pure silver film.

A. Model dielectric constants for cermet components

4
2 $

Energy (ev)

FIG. 2. Experimental dielectric constant for four films.
Solid line, pure SiO; dotted line, 8% silver; dashed line, 16%
silver; chain-dotted line, 34% silver.

tity (the absorptance of the sample) and have not been
truncated.

For the 73% cermet, and for pure silver, e~ is large and
negative at low energies, as would be expected for a free-
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FIG. 3. Experimental dielectric constant for three films.
Solid line, 58% silver; dotted line, 73% silver; dashed line, pure
silver.

The EMT's introduced in Sec. IV provide a method for
calculating an effective dielectric constant for a composite
from the dielectric constants of the components and their
volume fractions. The experimentally determined values
of the dielectric constant for pure SiO„and pure Ag could
have been used for e; and e~, but due to uncertainties in
the measured values the use of model parameters seemed
more appropriate. Although these models may be an
oversimplication they will not introduce features in the ef-
fective dielectric constant that are not a result of the
EMT. A model for e; can be devised without departing
markedly from the measured dielectric constant of SiO„.
The real part of e; was chosen to be constant (e& ——2.25),
and the imaginary part zero, across the entire experimen-
tal range. This is a good approximation as can be seen in
Fig. 2.

For e it was assumed that the dielectric constant of
pure Ag is made up of a Drude free-electron part, and a
part due to interband transitions. To find the appropriate
Drude parameters [the plasma frequency (co&) and the re-
laxation time (r)] the low-energy part of e for pure Ag
was fitted with the Drude expression

2

e=l- CPp

co(co+i /~)

The values obtained were Ace& ——9.7+0.2 eV and
h/r=0. 13+0.01 eV (~=4.4+0.3 fs). Once the plasma
frequency and relaxation time were known the contribu-
tion to the pure silver dielectric constant given by Eq. (5)
could be subtracted, and the result is shown as the solid
curve in Fig. 4. This is the contribution to the dielectric
constant due to interband transitions. The curve for ez;b
(ib denotes interband) so obtained was modeled by two
straight line portions, and by a 1/Ace form at high ener-
gies. The real part (E&;b) was calculated by taking the
Kramers-Kronig integral of the e2;b model, the result is
shown in Fig. 4.

The Drude relaxation time is usually taken to be related
to the mean-free-path ( I) for electrons in the film by

1 1—=—+
~0 l

where ~o is the relaxation time in the bulk metal and Uz is
the Fermi velocity. For cermet films it is expected that ~
is related to the diameter of the silver particles, or the
crystallite size if the particles are not monocrystalline. In
the following discussion it will be helpful to adjust e to
account for a short mean-free-path in the metal particles,
and to obtain optimum agreement between experiment
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FIG. 5. Position of dielectric anomaly given by simplified S
theory and experimental data. Solid line A/~=0. 7 eV; dotted
line, A/&=0. 9 eV; dashed line A/~=1. 1 eV.

FICx. 4. Interband dielectric constant for pure silver. Solid
line, experiment; dotted line, model.

and theory. To do this a free-electron dielectric constant
given by Eq. (5) will be added to the interband dielectric
constant shown in Fig. 4. In every case fez will be as for
pure silver (9.7 eV) and fi/r will be an adjustable parame-
ter with the assumption that Eq. (6) gives hn approximate
relationship between r and the mean-free-path.

B. Low-volume-fraction cermets

As the dielectric anomaly is the most important feature
of the dielectric constant for low-volume-fraction cermets
it is appropriate to base the comparisons between theory
and experiment on predictions concerning the anomaly.
The most convenient way of doing this is to examine the
way the position and shape of the anomaly varies with
volume-fraction and relaxation time. It was hoped that
this would suggest suitable values of A/~ to be used for
comparison of the experimental data with the EMT's over
the entire experimental range. Using the models for e;
and e described above, and the simplified 5 theory, the
position, height, and width at half maximum of the
dielectric anomaly peak in e2 were determined as a func-
tion of volume-fraction and filr. These quantities are
plotted in Figs. 5—7 as well as the experimental data.
Note that the first MG equation would give identical
curves at volume-fractions less than 20'F~.

The curves for position and height end where the
dielectric anomaly changes from being a peak in e2 to be-
come a shoulder on a Drudelike effective dielectric con-
stant. The width curves end when there is no longer a
half-height point on the low-energy side of the peak. Fig-
ure 5 shows that the peak moves to lower energies as the
volume-fraction increases, and the peak position is only
weakly dependent on fi/r. The peak height (Fig. 6) in-

creases as more silver is added, but begins to decrease be-
fore it disappears. The peak width (Fig. 7) varies linearly
with Rlr but is almost independent of volume-fraction.

For the two lowest-volume-fraction cermets the peak is
at a higher energy than that predicted by the theory. This
is contrary to the observation of Liebsch and Gonzalez
that experiment usually gives a peak at a lower energy
than the MG equation. This is surprising since the MG
equation should work best at low-volume-fractions, where
the particles are widely spaced. However the size of the

I 1 1 1

10 20 30 40 50 80
Metal volume fmctlon (5)

FIG. 6. Height of dielectric anomaly peak in e2 given by sim-
plified 5 theory and experir'hental data. Solid line, A/v. =0.7 eV;
dotted line, A/~=0. 9 eV; dashed line A/~= 1.1 eV.
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FICx. 7. %'idth of dielectric anomaly peak in ez given by sim-

plified S theory and experimental data. Solid line, A'/~=0. 7 eV;
dotted line, A'/~=0. 9 eV; dashed line fi/~=1. 1 eV.

particles is expected to be extremely small, and the use of
a bulk metal dielectric constant for e may be inappropri-
ate.

The height of the peaks in ez follow the curve for
filr=l. l eV quite well but the results for the higher-
volume-fraction cermets suggest a larger fi/~. Since the
silver particles should not be getting smaller at these
volume-fractions an increasing fi/r seems unreasonable.
The peak width could only be measured for three cermets,
as shown in Fig. 7. The two lower-volume-fraction cer-
mets suggest a value of A'/r near 1 eV but for the third
cermet a higher value is indicated. The large increase in
the breadth for this cermet is due to the peak becoming
asymmetric, which is not predicted by the MG or S
theories.

To provide a qualitative comparison between the exper-
imental dielectric constants and those derived from the
simplified S theory Figs. 8 and 9 give the results for two
representative cermets. As seen above A'/r = 1.1 eV
should give a satisfactory fit to the peak shape, and the
theoretical curves have been calculated with this value
which corresponds to a mean-free-path of 0.8 nm. Al-
though this seems very short in comparison with the ob-
served particle sizes, other researchers have had to use
similar values to obtain satisfactory agreement with exper-
iment. Further comment on the choice of A/~ will be
made below. The experimental curves for e differ in mag-
nitude from the theory but have a similar shape, except at
the low- and high-energy extremities. The most interest-
ing differences between the experimental and predicted
dielectric constants are the asymmetric shape of the peak
in e2 for the 34% cermet, and the incorrect prediction of
the peak position for the low-volume-fraction cermets.

The most serious omission from the S theory for
predicting the optical properties of- cermet films is the in-
teraction between metal particles. The model used for the

I

Energy (ev)
FIG. 8. Experimental dielectric constant for a 25%%uo cermet

(solid line}, and the dielectric constant given by the simplified S
theory with A/~= 1.1 eV (dotted line).

cermet structure is' spherical particles placed in a radiation
field that is undisturbed by other particles, and so does
not allow for the multipoles excited in one particle by the
others. The MG equation does allow for the interaction

f = 34Fe
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FIG. 9. Experimental dielectric constant for a 34% cermet
{solid line), and the dielectric constant given by the simplified S
theory with fi/~=1. 1 eV {dotted line).
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between dipoles on the particles in a cermet, but not in a
realistic way. The assumption made is that the particles
occupy the sites of a cubic lattice and so does not include
the fields due to randomly distributed particles.

A number of methods have been proposed ' ' for
determining the effect of randomly placed interacting par-
ticles on the effective dielectric constant. There is general
agreement that the main effect will be broadening of the
dielectric anomaly, and extension of the peak in e2 to
lower energies due to multipole resonances; this may ex-
plain the asymmetric peak in Fig. 9. If some of the
dielectric anomaly broadening is caused by these effects
then the appropriate value for A'/~ would be smaller, and
more in keeping with the observed particle sizes. At low
volume-fractions (large interparticle spacing) the mul-
tipole interactions are not so important, but the peaks
are still broadened by disorder in the particle placement.
Some authors ' also propose that the anomaly will be
shifted to lower energies, but the dielectric anomaly of the
two lowest-volume-fraction cermets described here is at a
higher energy than that predicted by the theory.

C. High-volume-fraction cermets
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FIG. 10. Experimental dielectric constant for a 76% cermet

(solid line), and the dielectric constant given by the simplified S
theory with fs/~=0. 3 eV (dotted line). The peaks indicated by
the arrows are discussed in the text.

The agreement between the experimental results and the
simplified S theory for volume-fractions above 50%%uo is not
as good as it is below 50%%uo. The results for two represen-
tative cermets are given in Figs. 10 and 11. The value of
A/~ was varied to get the best fit for each cermet. The
most outstanding difference is the presence of a peak in e2
(marked E) that is not predicted by the simplified S
theory. This peak is at about 2.7 eV in Fig. 10, and moves

FIG. 11. Experimental dielectric constant for a 90% cermet
(solid line), and the dielectric constant given by the simplified S
theory with A/~=0. 15 eV (dotted line). The peaks indicated by
the arrows are discussed in the text.

to about 3.3 eV for the 90% cermet; it cannot be identi-
fied with the dielectric anomaly as that peak moves to
lower energies with increasing volume-fraction.

There is a small peak in the simplified S theory just
below the interband edge which is visible in Figs. 10 and
11 (marked T). This peak is also given by the second MG
equation and is the analog of the dielectric anomaly in the
first MG equation; i.e., it is a feature due to insulator is-
lands surrounded by metal. The peak is broadened. by an
increase in fi/~ but is never as large as the dielectric
anomaly peak, and it moves to slightly higher energies as
the volume-fraction decreases. Consequently it seems un-
reasonable to identify the E peak observed in the cermet
ez with the T peak in the simplified S and MG theories.
However these theories were derived for spherical insula-
tor particles in a metal host, which is not the case for the
cermets being discussed. As observed in Sec. II even at
high-volume-fractions the metal is in the form of islands,
and presumably. the insulator is in the form of strands be-
tween the islands. A more realistic model for the shape of
the insulator particles would be narrow cylinders or pro-
late spheroids.

The MCi theory has been extended ' to spheroidal
particles with one axis perpendicular to the surface of the
medium, but with the other axes in random directions.
The S theory was also derived for spheroidal particles but
in the high-volume-fraction limit should give a similar re-
sult to the simpler MG equation. Plotted in Fig. 12 is the
effective dielectric constant of an 80%%uo cermet calculated
using the models of Sec. VA for spherical particles, and
prolate spheroidal particles with one of the minor axes
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FIG. 12. Dielectric constant given by the MG theory for an

80% cermet. Solid line, spherical particles; dotted line, eccentri-
city (e)=0.9; dashed line, e=0.99.

perpendicular to the surface of the cermet. The curves for
two values of the eccentricity are given. An eccentricity
of 0.9 corresponds to a major:minor axis ratio of 3.2:1,
and e=0.99 corresponds to 10:1. From the figure it can
be seen that increasing the eccentricity increases the size
of the T peak and moves it to lower energies. It is not
possible, however, to move the peak far enough to agree
with the experimental curves of Figs. 10 and 11 as in-
creasing the eccentricity beyond 0.99 has little additional
effect on the position of the peak. The MG theory as
used in this section is for particles that are much smaller
than the wavelength of the radiation, but it is possible that
as the eccentricity of the spheroids is increased and their
length approaches A, , the inclusion of multipole effects
could move the T peak to even lower energies.

Another possible explanation for the E peak in E2ls'
that the excitation of surface plasmons on the surface of
the cermet is causing additional absorption of the incident
radiation. The surface plasmon frequency (co, ) for a
boundary between a metallic medium and a dielectric is
determined by the condition

. fm, then it might be expected that e& ———1 at this energy,
but from the experimental data presented here it was
found to be —2+1. Jasperson and Schnatterly found that
the peak occurred at an energy where e~ was between —1

and —2, and attributed the shift to surface contamination.
There is however reason for expecting a peak due to sur-
face plasmons to be at an energy less than fun, even with
no surface contamination, as will be explained.

For a smooth surface a photon has insufficient momen-
tum to couple to the surface plasmon modes, but surface
roughness may provide the required k, to excite a surface
plasmon. The surface plasmon may then emit a photon in
a nonspecular direction and the film will appear to have
an increased absorption. The energy spectrum of the sur-
face plasmons excited depends upon the k„vectors that
are present in the surface roughness, but obviously only
photons with co (co, can couple to the surface plasmons.
Thus fico, given by Eq. (7) would be an upper limit on a
surface plasmon peak in e2, and not necessarily the center.

For all cermet films exhibiting the unexplained peak
the value for e& was found to be —2.0+0.5 at the energy
where the center of the peak occurred. This is strong evi-
dence for the proposition that the E peak in e2 is associat-
ed with surface plasmon absorption. If this is the case
then there is no evidence in the experimental data of the T
peak, which is surprising since as indicated above the peak
is expected to be larger for a real cermet than for the

— theoretical models treated by the EMT's. Further experi-
mental work on the nonspecular reflectance of cermets
may be of assistance in determining the cause of the ob-
served peak.

Priestley et a/. have reported observing surface
plasmons in thin AgSi02 cermet films. They made mea-
surements with an angle of incidence of 60' to the film
normal and found an absorption peak for p polarized
light. This peak was at about 3.8 eV for pure silver films
and moved down in energy as the metal-volume-fraction
was decreased. This absorption mode was first observed
for thin pure silver films and occurs at the plasma ener-
gy. The excitation of the surface plasmons results from
the coupling between electromagnetic waves on the two
film surfaces. This mode does not rely on surface rough-
ness to be excited and is distinct from the surface plasmon
absorption discussed above. Such a mode was not ob-
served in the work described here because as measure-
ments were made at normal incidence there was no elec-
tric field component perpendicular to the film. However
the measured plasma energies of the cermets prepared for
this work do compare favorably with the data given by
Priestly et al.

&1=—&d ~

where the real part of the dielectric constant of the metal-
lic medium is e~ and the dielectric constant of the dielec-
tric is ed. Surface plasmon absorption was observed for
silver/air interfaces by Jasperson and Schnatterly at a
photon energy of about 3.5 eV, and it seems likely that the
small peak just below 3.5 eV for the pure silver film (Fig.
4) is due to surface plasmons. If this peak corresponds to

VI. CONCLUSION

A study has been made of the optical properties of
AgSiO„cermets covering a wide composition range. The
transmittance and reAectance of the cermets were
analyzed to give the effective dielectric constant for the
films, and this was compared with the predictions of two
EMT's. It was found that the simplified Sheng theory
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gave results that were close to the experimental data for
cermets containing less than 50 volume percent metal.

For cermets containing more than 50 volume percent
metal the agreement was not satisfactory. This was partly
due to the presence of a peak in the experimental data for
the imaginary part of the dielectric constant, that is not

predicted by the EMT's. Two possible sources of this
peak were identified.
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